Atrial Fibrillation and Sinus Node Dysfunction in Human Ankyrin-B Syndrome: A Computational Analysis  by Wolf, Roseanne M. et al.
Monday, February 4, 2013 287a1473-Pos Board B365
Application of Mathematical Modeling for Analysis of Experimental Data
on Cell Water-Electrolyte Balance
Aleksandr V. Ilyaskin1, Denis I. Karpov2, Dmitriy A. Medvedev2,
Alexandr P. Ershov2, Galina S. Baturina1, Liubov E. Katkova1,
Evgeniy I. Solenov1.
1Institute of Cytology and Genetics, Novosibirsk, Russian Federation,
2Lavrentyev Institute of Hydrodynamics, Novosibirsk, Russian Federation.
The study of osmotic and ion balance is of particular importance for transport-
ing epithelial cells that have to maintain stable intracellular medium and cell
volume upon intensive transcellular osmolyte and water fluxes. We propose
an approach based on mathematical modeling that allows quantitative estima-
tion of the rate of transmembrane ion transport in rat renal collecting duct prin-
cipal cells. Our goals were:
1) to estimate membrane permeabilities for sodium, potassium and chloride
ions;
2) to estimate rates of passive transmembrane fluxes for sodium, potassium and
chloride ions and the flux through Na/K-pump;
3) to assess the activity of KCC and NKCC cotransporters in the cells under
examination.
The mathematical model describing transmembrane ion fluxes was used to an-
alyze the results of experimental measurements of cell volume and intracellular
sodium concentration dynamics. The use of high-performance calculations on
computer cluster made it possible to obtain the correspondence between the
values of model permeability parameters and experimentally measured cell
physiological characteristics.
Quantitative estimates of permeability parameters and the rates of transmem-
brane fluxes were obtained for renal collecting duct principal cells. Also the
model made it possible to detect the decrease in sodium and potassium mem-
brane permeability of collecting duct cells from animals kept on high salt diet.
This approach sets grounds for interpretation of experimental data to estimate
cell physiological characteristics whose accurate experimental measurement is
a hardly achievable goal.
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Sodium coupled betaine transporter BetP is a representative member of the
BCCT transporter family. Its major function is to accumulate osmolytes in
order to prevent cell death upon change in cytoplasmic osmotic pressure.
BetP is one of the key models for understanding how the generalized
LeuT-fold transporters function, due to the availability of its crystal structure
in multiple conformational states. Recent experimental studies have shown
that BetP-G153D can transport choline, instead of betaine, under pH gradient
across the cellular membrane. Currently no satisfactory explanation exists for
the substrate transport mechanism in the context of this dramatic single-site
mutation. Aiming to gain better insight into this phenomenon, we have per-
formed several microseconds of molecular dynamics simulations of the
BetP-G153D mutant based on an inward-facing crystal structure. The results
indicate that the protonation state of the mutation site Asp153 is closely cou-
pled to large-scale gating motion of the entire transporter. Specifically,
changing in the protonation state of Asp153 leads to distinct substrate release
kinetics via control over conformation fluctuation in transmembrane helix
TM6 and rearrangement of interaction network of charged residues at the in-
tracellular side. These results suggest a novel mechanism for substrate trans-
port control in transporters like BetP.
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Glycerol-3-phosphate transporter (GlpT) is an MFS secondary transporter
whose structure has been only solved in the apo inward-facing (IF) state.
Despite extensive experimental and computational studies, the structure of
the outward-facing (OF) and occluded states, an accurate description of the
IF-OF transition pathway, and the associated energetics are missing. We
have studied the IF-OF structural transition of GlpT using a novel approach
based on a combination of several state-of-the-art sampling techniques such
as nonequilibrium driven MD, umbrella sampling, and Hamiltonian replica
exchange MD. Biasing the system along a set of system-specific holonomic
coordinates allowed us to adequately sample the relevant regions of the phasespace around the transition path in the presence of explicit solvent and
membrane. The free energy profiles of the IF-OF transition were recon-
structed for both the apo and the substrate-bound GlpT, using a novel imple-
mentation of the generalized weighted histogram analysis method (WHAM).
Our results indicate that the known IF conformation is indeed the global min-
imum in the free energy profile of apo GlpT; however, there exists another
low free energy minimum associated with an OF conformation with a free en-
ergy barrier of only 10 kcal/mol between the two states. More interestingly,
the binding of a substrate not only lowers this barrier but also stabilizes at
least two intermediate/occluded states that were not observed in the apo
GlpT simulations. Our results not only verify the ‘‘alternating-access’’ mech-
anism but also provide a detailed description of the IF-OF transition mecha-
nism of GlpT at an atomic level, establishing a quantitative basis for the study
of MFS transporters and introducing a novel approach to study the large-scale
transitions in membrane transporters.
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Ankyrin-B is a multifunctional adapter protein responsible for localization
and stabilization of select ion channels, transporters, and signaling molecules
in excitable cells including cardiomyocytes. Ankyrin-B dysfunction has been
linked with highly penetrant sinoatrial node (SAN) dysfunction and increased
susceptibility to atrial fibrillation. While previous studies have identified
a role for abnormal ion homeostasis in ventricular arrhythmias, the molecular
mechanisms responsible for atrial arrhythmias and SAN dysfunction in human
patients with ankyrin-B syndrome are unclear. Here, we develop a computa-
tional model of ankyrin-B dysfunction in atrial and SAN cells and tissue to
determine the mechanism for increased susceptibility to atrial fibrillation
and SAN dysfunction in human patients with ankyrin-B syndrome. Our sim-
ulations predict that defective membrane targeting of the voltage-gated L-type
Ca2þ channel Cav1.3 leads to action potential shortening that reduces the crit-
ical atrial tissue mass needed to sustain reentrant activation. In parallel, in-
creased fibrosis results in conduction slowing that further increases the
susceptibility to sustained reentry in the setting of ankyrin-B dysfunction.
In SAN cells, loss of Cav1.3 slows spontaneous pacemaking activity, while
defects in Naþ/Ca2þ exchanger and Naþ/Kþ ATPase increase variability in
SAN cell firing. Finally, simulations of the intact SAN reveal a shift in pri-
mary pacemaker site, SAN exit block, and even SAN failure in ankyrin-B-
deficient tissue.
These studies identify the mechanism for increased susceptibility to atrial fibril-
lation and SAN dysfunction in human disease. Importantly, ankyrin-B dysfunc-
tion involves changes at both the cell and tissue level that favor the common
manifestation of atrial arrhythmias and SAN dysfunction.
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Neurotransmitter: sodium symporter (NSS) proteins are secondary Naþ-
driven active transporters that terminate neurotransmission by substrate
uptake. Despite the availability of high-resolution crystal structures of a
bacterial homolog of NSSs - Leucine Transporter (LeuT) - and extensive com-
putational and experimental structure-function studies, unanswered questions
remain regarding the transport mechanisms. We used microsecond atomistic
molecular-dynamics (MD) simulations and free-energy computations to re-
veal ion-controlled conformational dynamics of LeuT in relation to binding
affinity and selectivity of the more extracellularly positioned Naþ binding
site (Na1 site). In the course of MD simulations started from the occluded
state with bound Naþ, but in the absence of substrate, we find a spontaneous
transition of the extracellular vestibule of LeuT into an outward-open confor-
mation. The outward opening is enhanced by the absence of Na1 and modu-
lated by the protonation state of the Na1-associated Glu290. From the
calculations we identified as well a quasi-stable Naþ binding site (Na1’
site), in which Naþ is in direct ionic interaction with Glu290. The occupancy
of the Na1’ site is associated with the modulation of conformational transition
towards outward opening in response to different perturbations. Examples in-
clude Liþ replacing Naþ in the Na sites, and the effects of the Y268A muta-
tion that was known to shift the inward/outward conformational equilibrium.
